Retinol and conjugated linoleic acid (CLA) have previously been shown to have an important role in gene expression and various cellular processes, including differentiation, proliferation and cell death. In this study we have investigated the effect of retinol and CLA, both individually and in combination, on the intracellular cytoskeleton, focal adhesions (FAs) and the nanomechanical properties of 3T3 fibroblasts. We observed a dose-dependent decrease in the formation of FAs following treatment with either compound, which was directly correlated to an increase in cell height (>30%) and a decrease in the measured Young's modulus (∼28%). Furthermore, treatments with both compounds demonstrated an increased effect and led to a reduction of >70% in the average number of FAs per cell and a decrease of >50% in average cell stiffness. These data reveal that retinol and CLA disrupt FA formation, leading to an increase in cell height and a significant decrease in stiffness. These results may broaden our understanding of the interplay between cell nanomechanics and cellular contact with the external microenvironment, and help to shed light on the important role of retinoids and CLA in health and disease.
Introduction
Retinoids are naturally occurring derivatives of retinol (vitamin A) and have an important role in gene regulation and control in a variety of cellular and tissue processes, including proliferation, cell differentiation and apoptosis [1, 2] . They play an important role in tissue development, such as the nervous system and neurite growth [3] and limb formation [4] . Retinoids are also potent inhibitors of carcinogenesis [5] ; for example, retinoic acid was found to prevent mammary carcinogenesis in rats [6] and has also been used for the treatment of leukaemia and other cancers in humans [7] [8] [9] [10] . These compounds also have wider functions reflected in their diverse effects on the regulation of specific genes [11] , including impacting on cell adhesion mediated by integrin cell adhesion receptors [12] . Retinoic acid (RA) has been previously shown to stimulate keratinocyte growth in culture and also to inhibit the extracellular matrix (ECM) molecules fibronectin (FN) and thrombospondin (TSP) production [13] . Similar results on FN inhibition were observed on 3T3 fibroblasts [14] . Adhesion to the substrate was also reduced following treatments with RA, together with a decrease in ability of cells to reattach and spread [13] .
Retinol can enter the cell passively by diffusion through the plasma membrane or via active transport by a membranebound retinol binding protein (RBP) [15] . Once in the cell, retinol binds to cellular retinol binding protein (CRBP), which serves as a substrate for retinol conversion into retinoic acid (RA), the biologically active form of retinol [15] . RA then enters the nucleus, most likely with the assistance of one of the cellular RA binding proteins (CRABPs) [16] . In the nucleus, RA acts as a ligand to activate the transcription factors RA receptor (RAR) and retinoid X receptor (RXR). Together, they influence the transcription of various genes by binding to retinoic acid response elements (RAREs) that are downstream of these genes [1, 17] .
Conjugated linoleic acid (CLA) is a general term for a family of linoleic acid isomers, found mainly in beef, milk and other dairy products [18] . Recent research shows that retinol levels increase in the breast, liver and plasma in proportion to CLA intake [19, 20] . As such, CLAs affect fat metabolism and hence body composition [21, 22] and are anti-adipogenic and impact insulin resistance. CLA has a broad range of physiological effects and, as with retinoids, CLA exposure produces diverse effects on gene regulation [23] . Previous research found CLA to be a potent inhibitor of various pathological processes, including atherosclerosis, inflammatory responses, osteoporosis and carcinogenesis [18, [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Regarding the latter, both animal and in vitro data suggest that CLA possesses anticarcinogenic characteristics, including an increase in retinol concentrations, inhibition of tumour growth and suppression of metastasis of cancer cells [24] . Of particular relevance to the present work, CLA can impact cell adhesion at several levels: extracellular matrix synthesis and degradation [33, 34] , intracellular signalling [35] , and cell-cell and cell-matrix interactions [36, 37] . Moreover, the capacity of CLA to increase retinol levels in different tissues could be related to the known ability of CLA to activate peroxisome proliferator activated receptors (PPARs) [38] . A suggested route might be the activation of PPAR alpha by CLA, which is a known transcription factor for CRBP, the cellular retinol binding protein. CRBP acts as a substrate for the conversion of retinol into RA, hence increasing the concentration of CRBP would lead to increased synthesis of RA [15, 20] .
One of the proteins in which expression is known to be affected by RA is fibronectin (FN), a dimeric protein that plays an important role in cell attachment to the extracellular matrix (ECM) at cellular focal adhesions. FN is bound by integrin receptors on the cell through specialized protein domains and amino-acid sequences, such as the arginine-glycine-aspartate (RGD) sequence, and ECM components such as collagen, heparin and fibrin [39, 40] . In vertebrates, FN exists in one of two forms: as an abundant soluble constituent of plasma (at a concentration of about 300 μg ml −1 ) and other body fluids, and in the insoluble extracellular matrix. Soluble FN dimers are secreted by various cells, mainly fibroblasts, and then assemble into an insoluble matrix as part of the ECM [40] . Retinoic acid has previously been shown to reduce cellular fibronectin mRNA and protein levels in primary hepatocytes [41] . More recently, RA was found to significantly reduce the levels of intracellular FN in NIH-3T3 fibroblasts, in a dose-dependent manner [14, 42] . RA did not alter the levels of FN transcripts and was proposed to act on FN at a post-transcriptional level [43] .
Focal adhesions (FAs) are specialized sites of adhesion between the cell and the ECM and appear in many cell types, including fibroblasts [44] . They consist of a complex of proteins, including integrin cell adhesion receptors that interact with the ECM externally and with the actin cytoskeleton on the inside of the cell. Integrins are heterodimeric cell surface receptors composed of two non-covalently associated transmembrane subunits, α and β, which in addition to connecting adhesive proteins in the ECM to the cytoskeleton are also involved in intracellular signal transduction [39] . The cytoplasmic part of the integrin dimer interacts with various intracellular proteins, most notably talin and vinculin [45] . Vinculin is an intracellular protein that controls and regulates the formation of FAs by directly interacting with actin and other proteins that are involved in FA formation [46] .
Acting as the point of contact between the cell and the extracellular matrix, integrins have been shown to be mechanically coupled to the cytoskeleton filaments, the nucleus and the ECM [47] . Acting as mechanoreceptors, integrins mediate the transfer of extracellular mechanical stresses into the cytoskeleton and nucleus [48, 49] . Conversely, tensional forces generated within the cytoskeleton are directed towards the cell-substrate and ECM through FAs to affect cell shape and motility [50] . FAs also play a crucial role in the ability of cells to generate and transmit forces to the ECM [44, 51] and to maintain an internal prestress in cells [48, 52] . Furthermore, the magnitudes of local forces exerted by the cell have been linearly correlated to the intensity and surface area of the corresponding FAs [53] . Atomic force microscopy (AFM), a versatile tool that was originally used for high-resolution surface imaging of hard materials [54, 55] , has been employed frequently in the investigation of the nanomechanical properties of live cells [56] . Local cell membrane stiffness, Young's modulus (E), which can be derived by AFM nanoindentation, can greatly vary between different cell types and physiological conditions [57] .
In this study, we have treated fibroblast cells with retinol and CLA in order to examine their effect on the intracellular cytoskeleton, cell adhesion and the nanomechanical properties of living cells. We have found a dose-dependent decrease in the average number of FAs per cell following retinol and CLA treatments. The loss of FAs was also followed by an increase of up to 30% in the average cell height. This directly correlated to a decrease in cell stiffness, determined on local (<100 nm 2 ) and global (>10 μm 2 , using fabricated colloidal probes) areas of the cell membrane by AFM measurements of Young's modulus (YM). In addition, a combination treatment Figure 1 . The reduction in discrete focal adhesions following treatments with retinol and CLA. NIH-3T3 fibroblasts were treated at the lower-end concentrations of retinol (10 μM) and CLA (50 μM) for 24 h prior to staining, individually and in combination of the two compounds. Cells were then fixed and stained for nucleus (blue), actin filaments (green) and FAs (red). The left column shows all three dyes, and the right column shows only the nucleus and FAs, for clarity. Discrete FAs are clearly visible in large numbers at the cell periphery for the control ((b), white arrows). Fewer FAs are seen for the retinol-and CLA-treated cells ((d) and (f), respectively) and are much less apparent in the case of combination treatment of the two compounds (h). The actin cytoskeleton does not seem to be greatly affected and cell integrity is maintained after treatments ((a), (c), (e), (h)). Scale-bars are all 10 μm.
of both retinol and CLA was shown to have a cooperative effect and led to a decrease in the average number of FAs per cell and a >50% decrease in average cell stiffness, supporting previous evidence of CLA role as an enhancer of retinol levels [20] . Our results, presented in this paper, thus reveal that retinol and CLA treatments disrupt intact FA formation and cell adhesion, leading to a concomitant increase in cell height and changes to the nanomechanical properties of the cell membrane. Therefore, understanding the interplay between retinol and CLA with cell adhesion and cellular nanomechanics may help to illuminate some of the underlying mechanisms linked to these vital biological pathways in normal physiology and the development of a range of diseases. (22 and 23%, respectively) . Doubling the doses of retinol and CLA led to a decrease of 47 and 44%, respectively. Treatment with both drugs, in combination, at their lower concentration led to a decrease of 56%, and at their higher concentration to a decrease of 70%, in the average number of FAs.
* p < 0.01 for control versus each treatment.
Results and discussion

Treatment with retinol and CLA leads to a dose-dependent reduction in FAs
Cells were incubated for 24 h with either retinol, CLA, or retinol and CLA together at various concentrations and then fixed and stained for vinculin, actin filaments and the nucleus (see section 4). Figure 1 shows results for the following treatments: untreated control, 10 μM retinol, 50 μM CLA and a combination of 10 μM retinol and 50 μM CLA. Images reveal the structure of the nucleus (blue), FAs (red) and actin filaments (green). The right column of images shows only the nucleus and FAs, for clarity. FAs are clearly visible at the cell periphery and in much greater number in the control ( figure 1(b) ; white arrows) when compared to the retinol-and CLA-treated cells (figures 1(d) and (f)). The combination of retinol and CLA resulted in a further reduction of discrete FAs ( figure 1(h) ). In order to assess the effect retinol and/or CLA had on the spatial distribution of FAs, the morphology and total number of discrete FAs were analysed for 30 cells along a cross section of the culture dish for the controls and each compound. A significant decrease in the number of individual FAs per cell for the treated cells was observed. Figure 2 shows the average number of FAs per cell (n = 30 cells for control and each of the treatments). For control cells, 19.8 ± 1.2 discrete FAs were observed per cell, while in treated cells the number showed a dose-and compound-dependent significant decrease of 22-70% (see figure 2) . The lowest doses of retinol (10 μM) and CLA (50 μM) resulted in a reduction of 22 and 23%, respectively. Doubling the dose led to a further decrease in the average number of FAs per cell of 47% for retinol and 44% for CLA. Interestingly, a combination of retinol and CLA treatments, even at the low doses, led to a decrease of more than 50%, showing an additive effect of the two drugs. The highest dose combination gave rise to the greatest decrease (70%; * p < 0.01 for control versus each treatment).
In addition to a decrease in the number of FAs, a change in cell height was observed, as determined by confocal microscopy. Treated cells were also higher than the control, with an average height of 7.7 μm ± 0.6 μm for cells treated with retinol and CLA (at concentrations of 20 μM and 100 μM, respectively; n = 20 cells), compared to an average height of 5.8 μm ± 0.6 μm (n = 14 cells) for controls ( p < 0.005). Thus, there was an increase of >30% in the average cell height following the treatment. The decrease in FA formation and the subsequent increase in cell height raised the question of whether these biological effects have a significant impact on the nanomechanical properties of the treated cells.
Treatment of 3T3 fibroblasts with retinol and CLA shows a dose-dependent decrease in cell stiffness
Prior to nanomechanical measurements, 3T3 fibroblasts were plated and incubated with the retinol or CLA for 24 h as described above. Figure 3 shows typical AFM forcedistance plots that were derived from force curves produced 
* p < 0.005; * * p < 0.05 (control versus drug treated; n = 24 cells for each treatment).
for control and for the different treatments, using either conical ( figure 3(a) ) or spherical ( figure 3(b) ) indenters.
The effect of compounds on cell material properties was first examined by AFM using standard AFM cantilevers with nominally cone-shaped tips. Figure 4 shows the dosedependent decrease in cell stiffness in retinol-and CLA-treated cells. For the control, untreated cells, the average measured Young's modulus (YM) was 3.4 ± 0.2 kPa. For 10 μM retinol treatment the measured YM was 3.0 ± 0.3 kPa ( * * p < 0.05 versus control; n = 24 cells, 10 measurements per cell as described in section 4) and for 20 μM the YM was 2.4 ± 0.3 Pa ( * p < 0.005 versus control; n = 24 cells), thus a decrease of 10 and 29%, respectively, in comparison to the control. Treatments with CLA showed a similar dosedependent decrease in stiffness, as shown in the case of retinol. For 50 μM CLA, the measured YM was 2.7 ± 0.3 kPa and for 100 μM CLA the measured YM was 2.4±0.2 kPa ( * p < 0.005 versus control; n = 24 cells). Therefore, there was a decrease of 19 and 28%, for each treatment respectively, in comparison to the control.
In order to investigate the effect of retinol and CLA in combination, cells were incubated with the two: at either a concentration of 10 μM retinol and 50 μM CLA, or twice that at a concentration of 20 and 100 μM. Figure 5 shows the results of YM measurements for these treatments. Incubation with a combination at the lower concentrations led to a significant decrease of ∼50% in stiffness compared to the control. Thus, the drug combination resulted in a greater decrease than in each of the individual cases ( p < 0.005 for all drug combinations; n = 24 cells for each treatment), showing a cooperative effect of the two drugs on cell stiffness. When retinol and CLA concentrations Figure 5 . Changes in stiffness following treatments with retinol, CLA and the combination of the two. When cells were incubated with both retinol and CLA, a decrease in stiffness of ∼50% was observed. This decrease is larger than that observed for the individual drugs, and is similar to the decrease observed when cells were incubated with the actin polymerization inhibitor, CytD (5 μM, 30 min). Error bars are mean ± s.e.m; * p < 0.005, * * p < 0.05 (control versus drug treated and individual treatments versus the combination treatment).
were doubled, the decrease was similar to that with the lower concentration. Cytochalasin D (CytD) interferes with actin filament polymerization/depolymerization, disrupting the cytoskeleton, and was used to examine the effects of disrupting the actin cytoskeleton while leaving FAs intact. Treatment with CytD (for 30 min at concentration of 5 μM) caused a reduction in cell stiffness of 55% (figure 5). As treatment with a combination of retinol and CLA, on the other hand, did not show disruption to the actin cytoskeleton ( figure 1(g) ), but nonetheless resulted in a similar decrease in stiffness, a different mechanism is to be considered (see section 3, below).
To examine the effect of local versus global force curve measurements on the observed Young's modulus, all experiments were repeated with a cantilever tip to which a polystyrene bead of ∼19 μm diameter was attached [58, 59] . A spherical indentation differs from a conical indentation in both the contact area and indentation profile. Spherical indentation has a much larger surface area (>10 μm 2 for a 200 nm indentation) when compared to conical indentation, where the contact surface area for a 200 nm indentation is <100 nm 2 . Figure 6 shows the YM results for spherical indentations in the different treatments. The results here were similar to those obtained with a conical indenter, and revealed a decrease of 44% in cell stiffness for the lower-concentration combination treatment and a decrease of 53% in stiffness for the higherconcentration combination treatment ( p < 0.005 for both cases when comparing untreated versus treated and individual drugs versus the combination). The absolute YM values obtained using conical tips have been observed previously to be higher than those obtained with spherical tips [60] . This is mainly due to the small contact area of the tip with the sample, where the tip is almost in direct contact with single actin filaments and is influenced by their high YM of around ∼2 GPa [61] , and thus force is dissipated directly into the cytoskeleton. On the other hand, the spherical beads have a large contact area with the cell and are more highly influenced by the cell membrane and cytoplasm as it flows through the cytoskeleton in response to the applied force. Force is mainly dissipated into the cytoplasm and membrane.
Although the absolute values for YM differed significantly, it is important to note that the relative change in YM, when comparing control to treated cells, is similar for both the conical and spherical indentation. These results show that a decrease in membrane stiffness that follows drug treatments is measurable both at the local nano-scale (<100 nm 2 ) and at the global micro-scale (>10 μm
2 ) and appears to be correlated to the number and distribution of FAs per cell.
Discussion and conclusions
In this study, we examined the effect of two compounds, retinol and CLA, alone and in combination, on the number of intact FAs in the cell as well as cell stiffness in 3T3 fibroblasts. Both retinol and CLA were shown to have a similar dose-dependent impact on the number of FAs present at the cell periphery and on the stiffness of 3T3 fibroblasts. At lower doses of the two drugs, a decrease of ∼20% in FAs was observed, and this decrease rose to ∼45% when the concentrations were doubled. Interestingly, a combination treatment of the two drugs, even in the lower concentrations, led to a decrease of ∼50% in the number of FAs and hence cell-substrate adhesion. This decrease in the number of FAs at the cell periphery led to an increase in cell height of more than 30%, which, in turn, led to a significant decrease in the measured YM for the treated cells. Lower dose treatments with the individual compounds led to a decrease of up to ∼20% in the measured YM, and a combination of the two led to a significant decrease in cell stiffness of ∼50%. This strong correlation between the decrease in the number of FAs, an increase in cell height and a decrease in the measured YM point to the importance of FAs in maintaining the nanomechanical prestress in the cell, and the direct effect that retinol and CLA have on it. The findings from treatments with a combination of retinol and CLA support the view that CLA acts by enhancing the effects of retinol. Previous studies have shown that CLA treatment can lead to an increase in retinol levels [20] . Thus, exposure to CLA could act to enhance levels of cellular retinol and we suggest that this could explain the additive effect of the treatment with a combination of the two compounds.
The significant decrease in YM following the treatments was also observed when using a spherical indenter rather than a pyramidal tip, where indentation with a sphere covers a larger surface area (>10 μm 2 ). The results were similar to those of pyramidal tip indentation, showing that the decrease in stiffness following the treatments is measurable. The decrease in the average number of FAs per cell has clear impacts on the nanomechanical properties of the cell over a range of spatial scales. Reduction in cell stiffness can be attributed to several factors, including changes in cell shape, the plasma membrane or cytoskeleton (or combinations thereof). Previous studies have shown that treatment with the actin-disrupting drug CytD leads to a significant decrease in cell stiffness as well as changes in cell morphology [62] [63] [64] . However, retinol and CLA treatments in our study did not show a disruption of the actin cytoskeleton, yet led to a similar decrease in cell stiffness. The decrease in cell stiffness was therefore driven by a concomitant increase in cell height and a decrease in the number of FAs per cell. Staining for FAs showed a significant decrease in their number per cell. This direct relationship between FAs and cell stiffness clearly reveals the important role FAs have in governing cell adhesion and consequently the material properties of the cell. The loss of FAs, which are mechanically linked to actin stress fibres, leads to a reduction in actin tension and an increase in cell height, which drives a decrease in the observed cell stiffness.
Although the exact mechanism by which retinol acts to disrupt FA formation is unclear, a possible route could be its known effect on fibronectin synthesis. Retinol has been shown to inhibit the synthesis of fibronectin in 3T3 fibroblasts in a dose-dependent manner [14, 43] . This decrease in fibronectin secretion by the cell could lead to a reduction in FAs, which would then lead to the nanomechanical effects observed here. Previous studies observed various biological effects of retinol on the living cell. Here, by employing a combination of AFM and fluorescence microscopy, we have shown how treatments with retinol and CLA have implications not only on cell biology and gene expression, but also a direct effect on the nanomechanical properties of treated cells. Retinol has an effect on proliferation, differentiation and apoptosis [1, 2] , which have also been linked to cell nanomechanics and the nanomechanical properties of the microenvironment [65, 66] . Therefore, understanding the interplay between retinol and cell nanomechanics may help to illuminate some of the underlying nanomechanical mechanisms linked to these vital biological pathways.
Our results reveal a mechanistic understanding of how these naturally occurring compounds may regulate the cell adhesion cascade and their possible role in governing tissue function. Their roles in the pathogenesis of several diseases suggest that exploring the link between cell adhesion and disease, via the manipulation of the CLA-retinol pathway, may be a valuable route to the development of new therapeutics. This is particularly so for those conditions in which a mechanical element is apparent in the regulation of normal tissue physiology and disease pathogenesis such as vascular and bone diseases and tumour cell spread.
Materials and methods
Cell culture
NIH-3T3 fibroblasts were cultured in DMEM GlutaMAX media supplemented with 10% foetal bovine serum (both obtained from Invitrogen, Paisley, UK), 100 IU ml −1 penicillin and 100 μg ml −1 streptomycin (Invitrogen), and were maintained at 37
• C and 5% CO 2 . Cells were plated into 50 mm glass-bottom FluoroDish™ culture dishes (World Precision Instruments, Inc., UK) one day prior to the experiment.
Retinol and CLA
Retinol and CLA were obtained from Sigma-Aldrich Company Ltd, Dorset, UK. Synthetic crystalline retinol (>95% HPLC) was dissolved in ethanol at 3 mM. Conjugated linoleic acid (CLA), containing a mixture of cis-9, trans-11 CLA and trans-10, cis-12 CLA, was dissolved in ethanol at 71 mM. All stock solutions were stored at −20
• C until used. Retinol was used at final concentrations of 10 and 20 μM, and CLA was used at final concentrations of 50 and 100 μM. At higher concentrations of the two compounds there was an apparent toxic effect, with changes in cell proliferation, and hence the lower concentrations were used throughout this study. The ethanol solutions of the compounds were dissolved in the culture media and cells were left for incubation for 24 h prior to the experiment. Controls were incubated for 24 h with the dose of ethanol with which the highest compound-treated cells were incubated. For comparisons of drug effect, in some cases cells were incubated with the actin depolymerization drug cytochalasin D (5 μM, Sigma, UK) for 30 min prior to elasticity measurement experiments [62] .
Immunofluorescence and imaging
Prior to fluorescence staining, cells were washed with warm PBS, fixed with 3.5% paraformaldehyde and 2% sucrose (10 min) and permeabilized with 0.5% Triton-X (3 min) at room temperature. FAs were stained at room temperature by incubating cells with mouse monoclonal anti-vinculin (Abcam, Cambridge, UK) for 30 min followed by Alexa 546 rabbitanti-mouse immunoglobulins (Invitrogen, Paisley, UK) for 30 min with a 15 min wash after each incubation. Actin filaments were then stained by incubating at room temperature with Phalloidin Alexa Fluor 488 (Invitrogen, Paisley, UK) for 20 min followed by a 15 min wash. Finally, nuclei were stained by incubation with DAPI (Invitrogen, Paisley, UK) on ice for 10 min, followed by a final 10 min wash with PBS. Images were acquired on an Olympus FV1000 laser scanning confocal microscope (Olympus, UK).
AFM indentation and extraction of Young's modulus
Cells plated in cell culture dishes with 3 ml of buffered (10 mM Hepes) media were placed in a combined AFM-fluorescence microscope (Olympus IX71 inverted optical microscope and JPK NanoWizard ® I AFM). Using a temperature-controlled stage, the culture medium was maintained at 37
• C for the duration of the experiment. For each culture dish, the experimental time was less than half an hour, which prevented significant evaporation of the culture media. MSCT-AUWH cantilevers (Veeco) with pyramidal-shaped tips were calibrated and the spring constant was experimentally determined to be 0.05 ± 0.01 N m −1 [67] . Single, live interphase cells were chosen optically and the AFM cantilever was positioned above the nucleus. Force-distance measurements were initiated with a maximum force of 2 nN. Individual cells were selected randomly from across the tissue culture dish and 24 cells were tested for each of the drug treatment experiments and controls. All AFM measurements were made over the nucleus for two reasons: first, to act as a constant reference point, as cell shape can vary greatly; second, to avoid the effect of the hard glass substrate that the cells were adhering to-AFM material properties would artificially be higher if the cell edges of spread cells were used. 10 force curves were recorded over the nucleus of each cell at 1 Hz. The data were then fitted for an indentation of 200 nm using the Hertz model for either conical or spherical indenters [56, 60] 
(1)
where is ν is Poisson's ratio, α is the half opening angle of the tip in the case of cone indentation (1), R is the sphere radius in the case of sphere indentation (2), δ is the indentation depth of the tip and E is the Young's modulus.
Preparation of spherical indenters
Polystyrene microspheres (Bangs Laboratories Inc., Fishers, IN) of ∼19 μm diameter were glued onto tipless cantilevers (CSC 12 rectangular beam, MikroMasch, Estonia, 350 μm long, 35 μm wide and 1.0 μm thick, spring constants about 0.03 N m −1 ) using a small amount of epoxy resin (UHUÒ plus Schnellfest, UHU GmbH & Co. KG, Germany). Spring constants of each individual cantilever were determined as described before [67] and the exact size of each sphere was measured using optical and scanning electron microscopy. The particles were washed in Decon 90 (Decon Laboratories Limited, UK), rinsed in an excess of deionized water, and subsequently treated in an O 2 plasma for 100 s. Probes were stored in nitrogen atmosphere before use. Tips were calibrated before each experiment and the spring constant was determined to be 0.06 ± 0.01 N m −1 [67] .
Statistical methods
Data are presented as mean ± standard error of the mean (s.e.m.), unless stated otherwise. Measurements were analysed using unpaired or paired Student's t tests with significance at p < 0.05 or lower, as stated in the text.
